Purpose: EGF receptor (EGFR) is upregulated in most epithelial cancers where signaling through EGFR contributes to cancer cell proliferation and survival. The limited clinical efficacy of EGFR inhibitors suggests that identification of resistance mechanisms may identify new pathways for therapeutic targeting. STAT3 is upregulated in many cancers and activated via both EGFR-dependent and -independent pathways. In the present study, we tested the consequences of STAT3 inhibition in EGFR inhibitor-resistant head and neck squamous cell carcinoma (HNSCC) and bladder cancer models to determine whether STAT3 blockade can enhance responses to EGFR targeting.
Introduction
EGF receptor (EGFR) is hyperactivated in multiple cancers and has emerged as a validated therapeutic target in several solid tumors (1) . EGFR monoclonal antibodies such as cetuximab and panitumumab (Erbitux, Vectibix) are U.S. Food and Drug Administration (FDA)-approved for the treatment of advanced head and neck squamous cell carcinoma (HNSCC) and/or colorectal cancer in combination with either radiotherapy or chemotherapy. The EGFR-selective tyrosine kinase inhibitor (TKI) erlotinib (Tarceva) is approved for the treatment of non-small cell lung cancer (NSCLC) and pancreatic cancer, although profound efficacy is generally limited to NSCLC tumors harboring EGFR activating mutations (2) (3) (4) (5) (6) (7) (8) . The paucity of EGFR inhibitor resistance models and the limited availability of tumor biopsies in the setting of EGFR inhibitor resistance have contributed to an incomplete understanding of the mechanisms that contribute to intrinsic or acquired resistance to EGFR targeting in some cancers. Elucidation of EGFR inhibitor resistance mechanisms may identify pathways that can be targeted to enhance treatment responses.
Overactivation of multiple signaling pathways contributes to EGFR inhibitor resistance as cancers of different origins use different mechanisms to escape EGFR therapy. In erlotinib-resistant lung cancer cells, increased expression of interleukin-6 (IL-6) has been shown to be responsible for the EGFR-independent STAT3 phosphorylation (9) . Overactivation of VEGF has been shown to play a role in resistance to anti-EGFR therapy and combined blockade of VEGF and EGFR pathways with DC101, an anti-VEGF receptor monoclonal antibody, and cetuximab, respectively, have shown greater inhibition of tumor growth than single agent in both gastric and colon cancer (10) . Overexpression of HER-2, the second member of the erbB family, contributes to EGFR inhibitor resistance and targeting both EGFR and HER-2 using a dual tyrosine kinase inhibitor such as lapatinib showed activity in breast cancer cell lines overexpressing HER-2 (11).
STAT3, a member of the STAT family of transcription factors, is activated in several cancers (12) . STAT3 tyrosine phosphorylation can be induced by stimulation of upstream receptor and/or nonreceptor kinases including EGFR (13), IL-6/gp130 and Janus-activated kinases (JAK; ref. 14) , and Src family kinases (15) . STAT3 activation has been identified in the setting of resistance to EGFR tyrosine kinases inhibitors in preclinical models of glioma and HNSCCs (12, 16) , and resistance to neoadjuvant EGFR TKI treatment of patients with NSCLCs was associated with elevated STAT3 activity in patient tumors (17) . These cumulative results suggest that STAT3 may be activated in the setting of resistance to EGFR inhibitor therapy where targeting STAT3 may overcome either de novo or acquired resistance.
In the absence of a small molecule with STAT3-selective activity, we developed a transcription factor decoy oligonucleotide, which has been shown to block STAT3-mediated DNA binding and inhibit tumor cell proliferation in vitro and xenograft growth in vivo in a wide variety of preclinical cancer models including xenografts and transgenic models (18) (19) (20) (21) (22) (23) (24) (25) . Combined treatment of HNSCC cell lines with the STAT3 decoy and EGFR TKI was associated with enhanced antitumor effects (26) . In the present study, we tested the antitumor effects of STAT3 inhibition using the STAT3 decoy in preclinical cancer models of intrinsic or acquired resistance to EGFR TKI or cetuximab in tumor models not characterized by activating EGFR mutations. Furthermore, assessment of pSTAT3 in human HNSCC tumors that recurred following cetuximab treatment showed increased pSTAT3 staining compared with levels in pretreatment biopsies. These findings suggest that targeting STAT3 may enhance the antitumor effects of EGFR inhibitors.
Materials and Methods

Cell line validation
The HNSCC cell lines Cal33, 686LN, HN5, and OSC19 and the bladder cancer cell line T24 were validated using the AmpFlSTR Profiler Plus Kit from PE Biosystems according to the manufacturer's instructions.
Cell culture
HNSCC cell lines Cal33 (a kind gift from Jean Louis Fischel, Centre Antoine Lacassagne), HN5, and OSC19 were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Mediatech, Inc.) containing 10% heat-inactivated FBS at 37 C with 5% CO 2 . 686 LN (a kind gift from Georgia Chen, University of Emory, Atlanta, GA) was maintained in DMEM/F12 media (1:1) from Gibco containing 10% heat-inactivated FBS (ISC BioExpress). The T24 bladder cancer cell line was obtained from American Type Culture Collection. The cetuximab-resistant cell lines, T24 PR1, T24 PR2, and T24 PR3, were generated in vivo by exposing tumor-bearing athymic nude mice generated from the parental cell line T24 to increasing concentrations of cetuximab over a 3-month period, as described previously (27) . T24 cells were cultured in DMEM (Mediatech, Inc.) containing 10% heat-inactivated FBS. The cetuximab-resistant cell lines, T24 PR1, T24 PR2, and T24 PR3, were maintained in presence of cetuximab at a concentration of 100 nmol/L in DMEM containing 10% heat-inactivated FBS.
Immunohistochemical analysis and construction of tissue microarrays
Tumor biopsies were obtained from 7 patients with HNSCCs before cetuximab treatment and 15 patients following cetuximab treatment under a protocol approved by the Institutional Review Board at the University of Pittsburgh (Pittsburgh, PA; IRB#991206). Informed consent was obtained from all subjects. The average composite score (intensity of staining Â the percentage of tumor cells that stained positively) of pre-and post-cetuximab-treated tumors are represented. Using a manual tissue array instrument (MTA-1; Beecher Instruments), a paraffin core of 1.0-mm was taken from a representative region of the donor block and arrayed into a blank recipient paraffin block in duplicate. The newly constructed array block was then warmed to 37 C for 10 minutes to allow annealing of donor cores to the paraffin wax of the recipient block while minimizing core loss. Donor cores ranged from 2 to 4 mm in length. Immunohistochemistry (IHC) was carried out on formalin-fixed, paraffin-embedded tissue microarray (TMA) sections by using antibodies against pSTAT3 (1:75 dilution, 1:75 overnight 4 C incubation, Santa Cruz Biotechnology). TMA sections were subjected to antigen retrieval for 15 minutes in 0.01 mol/L citrate buffer. TMAs were blocked and stained with primary antibodies. Following three 5-minute washes, TMAs were incubated with biotinylated anti-rabbit secondary antibody followed by treatment with avidin-biotin complex. Signal was developed with 3,3 0 -diaminobenzidine (DAB) substrate, modestly counterstained with hematoxylin, and slides were analyzed microscopically. Immunohistochemical staining was assessed semiquantitatively for each core. The percentage of immunoreactive cells was recorded and rounded to the nearest 10 percentile. Cytoplasmic staining was graded
Translational Relevance
Cumulative evidence suggests that STAT3 may contribute to therapeutic resistance, and targeting STAT3 represents a potential strategy to improve treatment responses. Although compounds that decrease STAT3 activation have been used to reduce therapeutic resistance, none of the agents selectively or specifically inhibit STAT3. In this study, human head and neck squamous cell carcinoma (HNSCC) that recurred following cetuximab treatment showed increased pSTAT3 expression. Treatment with a transcription factor decoy oligonucleotide specifically targeting STAT3 inhibited the growth of preclinical cancer models that were resistant to EGF receptor (EGFR) inhibitors. These findings suggest that targeting STAT3 may be effective in the setting of EGFR inhibitor resistance to augment treatment responses.
for intensity (0, negative; 1, weak; 2, moderate; and 3, strong) A composite score was obtained by multiplying the intensity and the percentage staining score. The scores across replicate cores on slides were averaged. The average composite score for both antibodies were graphed by GraphPad Prism Software.
Reagents
Cetuximab (Erbitux) was purchased from the research pharmacy at the University of Pittsburgh Cancer Institute. Erlotinib (OSI-774; Tarceva) was purchased from NorthWest Pharmacy.
STAT3 decoy design and synthesis
The STAT3 decoy sequence was 5 0 -CATTTCCCGTAAATC-3 0 , 3 0 -GTAAAGGGCATTTAG-5 0 and the mutant control decoy sequence, which differed by one nucleotide at position 9 (G to T), was 5 0 -CATTTCCCTTAAATC-3 0 , 3 0 -GTAA-AGGGAATTTAG-5 0 , as described previously (18) . The single-stranded sense and antisense oligonucleotides were synthesized by Integrated DNA Technologies with phosphorothioate modifications of the residues on 3 0 and 5 0 ends, as previously described (18) .
Dose-response experiments HN5, OSC19, T24, and the TKI-and cetuximab-resistant cells (686LN, Cal33, T24 PR1, T24 PR2, and T24 PR3) were seeded in 24-well plates in DMEM containing FBS. After 24 hours, cells were transfected with increasing concentrations of STAT3 decoy (26) . After 4 hours of transfection, media were replaced with DMEM containing 10% FBS. After 72 hours, MTT assays were conducted to determine percentage of cell viability. To determine the dose response of erlotinib in the parental (T24) and cetuximab-resistant bladder cancer cell lines (T24 PR1, T24 PR2, and T24 PR3) as well as the TKI-sensitive (HN5 and OSC19) and -resistant (686LN and Cal33) HNSCC cell lines, the cells were plated in 24-well plates in DMEM containing FBS. After 24 hours, cells were treated with varying concentrations of erlotinib in DMEM containing FBS. Dimethyl sulfoxide served as a vehicle control. After 72 hours, MTT assays were conducted to determine percentage of cell viability.
ELISA
Cetuximab-resistant (T24 PR1, T24 PR2 and T24 PR3) and -sensitive (T24) bladder cancer cells were plated, and after 24 hours, cells were cultured in serum-free medium, and 24 hours later, cells were collected and analyzed in duplicate with a human IL6 ELISA kit (R&D Systems). This experiment was repeated 3 times. Results are reported as means AE SD.
Immunoblotting
Cells were plated at a density of 8 Â 10 5 cells/10-cm plate and after 24 hours transfected with the EC 50 concentrations of STAT3 decoy for the respective cell lines. After 4 hours, the transfection media were replaced with DMEM þ 10% FBS. After 24 hours, the cells were harvested, and protein content was determined using Bradford's reagent (BIO-RAD; ref. 26) . Proteins (40 mg/lane) were separated by 10% SDS-PAGE, probed with rabbit anti-human cyclin D1 polyclonal antibody or mouse anti-human Bcl-X L monoclonal antibody (Santa Cruz Biotechnology), and developed using the Enhanced Chemiluminescence (ECL) Detection System (Amersham Life Sciences Inc.). The membranes were stripped and re-probed with rabbit anti-human b-tubulin polyclonal antibody (Abcam Inc.), as a loading control. Densitometric analyses were conducted using ImageJ software.
In vivo tumor xenograft studies 
Statistical analyses
The relationship between pSTAT3 expression and EC 50 for erlotinib in the 4 HNSCC cell lines was analyzed using nonparametric correlation (Spearman) and 2-tailed test for comparing 2 groups. The in vitro comparison of pSTAT3 expression in the sensitive (T24) and the cetuximab-resistant bladder cancer cell lines (T24 PR1, T24 PR2, and T24 PR3) were analyzed using the Mann-Whitney test for comparing 2 groups. All tests were exact and 2-tailed. The in vitro comparison of IL-6 production in the sensitive (T24) and the cetuximab-resistant bladder cancer cell lines (T24 PR1, T24 PR2, and T24 PR3) were analyzed using the Mann-Whitney test for comparing 2 groups. All tests were approximate and 2-tailed. In vitro comparisons of Bcl-X L and cyclin D1 expression levels and the differences in STAT3 in HNSCC patient biopsies between treatment groups were conducted using the Mann-Whitney test for comparing 2 groups. All tests were exact and 2-tailed. For the statistical analyses of the in vivo experiment involving the cetuximabresistant bladder cancer cell line T24 PR3 and the isogenic parental cell line T24 treated with STAT3 decoy and cetuximab, all comparisons were conducted on tumor volume measurements on day 20, the last day of the xenograft experiment. The 2 cell lines (parental and resistant) were compared by testing the difference between the 2 groups of mice, each bearing one cell line, with a 2-tailed Wilcoxon test. The effect of STAT3 decoy was evaluated by testing whether the inter-flank tumor volumes (STAT3 decoy on one flank, mutant control decoy on the other) differed from 0 by a 2-tailed signed-rank test. For the statistical analyses of the in vivo experiment involving the TKI-resistant HNSCC cell line treated with STAT3 decoy and cetuximab, tumor volumes were natural log-transformed. A mixed-effects polynomial regression model was fit to the tumor growth curves for each treatment group. Structured covariance matrices were estimated for with-mouse variation across time. A restricted maximum likelihood test was constructed to determine the appropriate choice for model parameters. A two degree of freedom test was constructed to simultaneously test the equality of the linear and quadratic regression parameters. Residuals were inspected to evaluate the adequacy of fit.
Results
Phospho-STAT3 levels and erlotinib sensitivity in HNSCC cell lines
With the goal of comparing STAT3 activation in cells that are sensitive or resistant to EGFR TKI, we treated HNSCC cell lines with varying doses of erlotinib. Two HNSCC cell lines showed relatively high EC 50 concentrations (4.6 and 4.3 mmol/L for 686LN and Cal33, respectively) and 2 HNSCC cell lines with lower EC 50 concentrations (1.4 and 0.364 mmol/L for OSC19 and HN5, respectively; Fig. 1A ). We next assessed the levels of total STAT3 and tyrosine705 phosphorylated STAT3 (pSTAT3) in the 4 cell lines. The cells with greater EC 50 for erlotinib (686LN and Cal33) exhibited increased pSTAT3 expression relative to the cells which were more sensitive to erlotinib and showed less pSTAT3 expression (OSC19 and HN5), with Spearman correlation coefficient (r) of 1, P ¼ 0.08 (Fig.  1B) . Although these results do not suggest a significant correlation but the trend indicated that STAT3 activation may be associated with intrinsic EGFR TKI resistance in HNSCC cell lines.
Increased expression of phosphotyrosine STAT3 in cetuximab-resistant cell lines
We next sought to determine whether pSTAT3 levels are increased in the setting of acquired resistance to the monoclonal antibody cetuximab. Because HNSCC cell lines are not reproducibly growth inhibited by cetuximab in vitro whereas HNSCC cell line xenografts are uniformly sensitive to cetuximab in vivo, it was not possible to determine the association between STAT3 activation and intrinsic resistance to cetuximab. Treatment of cetuximab-sensitive (T24) and cetuximab-resistant bladder cancer cell lines (T24 PR1, T24 PR2, and T24 PR3) with erlotinib showed comparable EC 50 values (see Supplementary Fig. S1 ). We recently developed an in vivo model of acquired resistance to cetuximab using T24 bladder carcinoma cells (27) . As shown in Fig. 2A and B, expression of pSTAT3 was increased from 3.2-to 3.9-fold in the cetuximab-resistant cell lines (T24 PR1, T24 PR2, and T24 PR3) compared with the isogenic parental cell line, which retains sensitivity to cetuximab. Although levels of total and/or phosphorylated EGFR and JAKs 1-3 did not differ between cetuximab-sensitive and -resistant cells, a significant increase in IL-6 secretion was found in the cetuximab-resistant bladder cancer cell lines (T24 PR1, T24 PR2, and T24 PR3) compared with the sensitive T24 cells ( Fig. 2C ; P $ 0.005).
Growth of EGFR inhibitor-resistant cells is abrogated by STAT3 blockade
To determine whether targeting STAT3 can reduce the growth rate of cells showing intrinsic or acquired resistance to EGFR inhibitors, we first tested the effect of the STAT3 decoy on cell proliferation in the models of intrinsic erlotinib resistance and acquired cetuximab resistance. Cetuximab-sensitive parental T24 cells and cetuximab-resistant clones T24 PR1, T24 PR2, and T24 PR3, as well as the HNSCC cell lines showing intrinsic erlotinib resistance (or sensitivity) were treated with increasing concentrations of STAT3 decoy or a mutant control decoy that differs only by a single base pair and fails to interfere with STAT3-mediated DNA binding (18) . In 72-hour treatment assays, the STAT3 decoy exhibited highly similar EC 50 values in both the parental and cetuximab-resistant cell lines (T24: EC 50 ¼ 3.9 nmol/L, T24 PR1: EC 50 ¼ 3.6 nmol/L, T24 PR2: EC 50 ¼ 2.8 nmol/L, and T24 PR3: EC 50 ¼ 4.7 nmol/L; Fig. 3 ). In the erlotinib-sensitive and -resistant HNSCC cell lines, the STAT3 decoy exhibited comparable EC 50 values, ranging between 5 and 11 nmol/L. Although these cells expressed different levels of pSTAT3, they exhibited similar sensitivity to the STAT3 decoy. Similar findings were observed with the preclinical JAK/STAT inhibitor JSI-124 (data not shown). These findings indicate that STAT3 targeting decreases cell proliferation in cancer cells that exhibit either intrinsic or acquired resistance to EGFR inhibitors.
STAT3 decoy downmodulates STAT3 target gene expression in EGFR inhibitor-resistant cells
Abrogation of target gene expression is a biochemical indication that the STAT3 decoy is blocking STAT3- mediated signaling. To determine the effect of the STAT3 decoy on the expression of STAT3 target genes in EGFR inhibitor-resistant models, cells were treated with EC 50 concentrations of STAT3 decoy, followed by immunoblotting for the STAT3 target genes, cyclin D1 and Bcl-X L . b-Tubulin was assessed as a loading control. In the parental cetuximab-sensitive and the -resistant cells, treatment with STAT3 decoy resulted in a significant decrease in expression of Bcl-X L and cyclin D1 in T24 (P ¼ 0.057 and 0.029, respectively), T24 PR1 (P ¼ 0.029 and 0.029, respectively), T24 PR2 (P ¼ 0.029 and 0.029, respectively), and T24 PR3 (P ¼ 0.029 and 0.029, respectively) cells, when compared with treatment with vehicle ( Fig. 4A-D, respectively) . Similarly, treatment with STAT3 decoy led to downmodulation of cyclin D1 and Bcl-X L in both the erlotinib-sensitive ( Supplementary Fig. S2A and S2B) and -resistant HNSCC cell lines (Supplementary Fig. S2C and S2D ). In the erlotinib-sensitive and -resistant HNSCC cells, treatment with the STAT3 decoy led to a significant decrease in expression of Bcl-X L and cyclin D1 in OSC19 (P ¼ 0.029 and 0.029, respectively), HN5 (P ¼ 0.057 and 0.029, respectively), Cal33 (P ¼ 0.057 and 0.029, respectively), and 686LN (P ¼ 0.029 and 0.029, respectively) cells, in comparison with treatment with vehicle ( Supplementary Fig. S2A-S2D , respectively)
Targeting STAT3 augments the in vivo antitumor effects of cetuximab in both cetuximab-sensitive and cetuximab-resistant models Despite widespread EGFR expression in most epithelial malignancies, cetuximab is only effective in a subset of patients with cancer. Because pSTAT3 levels are elevated in HNSCC cells (Fig. 2 was done in vitro, not with xenograft tumors) showing acquired cetuximab resistance, we assessed the antitumor effects of the STAT3 decoy in combination with cetuximab in cetuximab-sensitive (T24) and cetuximab-resistant xenografts (T24 PR3). Mice bearing xenograft tumors (9 mice per group) were treated with daily intratumoral injections (50 mg) of the STAT3 decoy (or the mutant control decoy) in combination with intraperitoneal cetuximab (1 mg), 3 times a week. As shown in Fig. 5A , treatment with the STAT3 decoy plus cetuximab showed a small but significant growth inhibition of tumors generated from the cetuximab-sensitive parental cell line (T24) when compared with treatment with STAT3 mutant control decoy plus cetuximab (P ¼ 0.0078). Profoundly, treatment of cetuximab-resistant tumors with STAT3 decoy in combination with cetuximab resulted in substantial and significant tumor growth inhibition in comparison with treatment with STAT3 mutant control decoy and cetuximab (P ¼ 0.0078). At the end of treatment, tumors were harvested and assessed for expression of proteins encoded by STAT3 target genes. Cetuximab-sensitive tumors treated with STAT3 decoy plus cetuximab showed a decrease in Bcl-X L (P ¼ 0.03) and cyclin D1 (P ¼ 0.05) expression when compared with treatment with STAT3 mutant control decoy plus cetuximab. Similarly, cetuximab-resistant tumors treated with STAT3 decoy plus cetuximab showed in a decrease in Bcl-X L (P ¼ 0.0071) and cyclin D1 (P ¼ 0.05) expression when compared with treatment with STAT3 mutant control decoy plus cetuximab (Fig. 5B and C) . These results indicate that inhibition of STAT3 may be an effective therapeutic strategy in the setting of cetuximab resistance.
STAT3 decoy inhibits tumor growth in vivo of TKIresistant HNSCC xenografts
The effect of STAT3 decoy was also assessed in combination with cetuximab in TKI-resistant xenograft tumors generated from the HNSCC cell line 686LN. 686LN (1 Â 10 6 cells) were inoculated subcutaneously in 10 athymic nude mice into the right and left flank. After 8 days, when the tumors were clearly palpable, mice were treated with daily intratumoral injections of the STAT3 decoy/STAT3 mutant (50 mg). Cetuximab was administered at a dose of 0.2 mg/ mouse, 2 times a week intraperitoneally. Tumors were measured 3 times per week. At the end of day 20, TKIresistant HNSCC xenografts treated with STAT3 decoy þ cetuximab showed a significant decrease in tumor volume when compared with the xenografts treated with STAT3 mutant control þ cetuximab (P < 0.0001; Supplementary  Fig. S3 ).
Human HNSCC tumors that recur following cetuximab treatment demonstrate increased p-STAT3
Cetuximab was FDA-approved for the treatment of HNSCC in 2006. To date, no study has systematically characterized HNSCC tumors that persist or develop following treatment with cetuximab. To begin to understand the mechanisms of clinical resistance to cetuximab, we created a TMA containing HNSCC tumor samples before and/or following treatment with cetuximab-containing regimens at the University of Pittsburgh, as described previously (28) . Immunohistochemical staining of the TMA with antipSTAT3 was conducted. Expression of pSTAT3 expression in tumor samples following disease progression after cetuximab treatment was elevated compared with levels in tumors biopsies obtained before cetuximab administration (Fig.  6A) . Figure 6B shows representative pSTAT3 IHC from 3 tumors before cetuximab treatment (top) and 3 tumors following cetuximab treatment (bottom). These findings from a small and heterogeneous HNSCC patient cohort suggest that pSTAT3 may represent a potential therapeutic target to improve responses to EGFR-targeted therapy.
Discussion
Persistent activation of STAT3 has been implicated in conferring resistance to conventional therapies in some malignancies. Elevated levels of STAT3 have been reported in several drug-resistant cancer cells where inactivation of STAT3 reversed the multidrug-resistant phenotype (29) .
Several strategies have been developed to target the STAT3 pathway in settings of intrinsic resistance to chemotherapy and radiation in preclinical cancer models. In an in vivo model of NSCLC, inhibition of STAT3 using the STAT3 pathway inhibitor cucurbitacin I (JSI-124), a triterpenoid derivative, was able to overcome resistance to chemotherapy or radiotherapy (30) . Inhibition of STAT3 reportedly sensitized glioma cells to temozolomide, an alkylator-based chemotherapy (31) . In bladder cancer, aberrant STAT3 activation has been associated with chemoresistance, where subsequent inhibition of STAT3 activation by STAT3 siRNA or treatment with the JAK2 inhibitor AG-490, increased the sensitivity of the cells to chemotherapeutic agents (32) .
Others have reported that AG-490 treatment restores chemosensitivity in drug-resistant hematopoietic tumor cells (33) . Using in vivo HNSCC models, cucurbitacin I treatment enhanced the inhibitory effects of ionizing radiation and abrogated radioresistance (34) . Several studies have shown that acquired therapeutic resistance is associated with enhanced activation of the STAT3 where inhibiting the STAT3 pathway can restore After 4 days, when the tumors were clearly palpable, the tumor on the right flank was treated with daily injections of the STAT3 decoy (50 mg) and the tumor on the left flank was treated with the STAT3 mutant control decoy (50 mg). Mice were also given cetuximab at a dose of 1 mg/mouse, 3 times a week intraperitoneally. Tumors were measured 3 times per week. At the end of day 20, the cetuximab-sensitive parental xenografts (T24) treated with STAT3 decoy þ cetuximab showed a significant decrease in tumor volume compared with the T24 xenografts treated with STAT3 mutant control decoy þ cetuximab (P ¼ 0.0078). In addition, the cetuximab-resistant T24 PR3 xenografts treated with STAT3 decoy þ cetuximab showed a significant decrease in tumor volume compared with the T24 PR3 xenografts treated with STAT3 mutant control decoy þ cetuximab (P ¼ 0.0078). B, STAT3 decoy downmodulates STAT3 target gene expression in cetuximab-resistant xenograft tumors. Mice from the experiment described in A were sacrificed after 20 days and tumors were harvested for analysis of STAT3 target gene expression. In the cetuximab-sensitive parental xenografts (T24) treated with STAT3 decoy þ cetuximab, decreases in Bcl-X L (P ¼ 0.03) and cyclin D1 (P ¼ 0.05) were observed when compared with tumors treated with STAT3 mutant control decoy þ cetuximab (top). Similarly, decreases in Bcl-X L (P ¼ 0.0071) and cyclin D1 (P ¼ 0.05) expressions were observed in the cetuximab-resistant tumors (T24 PR3) treated with STAT3 decoy þ cetuximab compared with the tumors treated with STAT3 mutant control decoy þ cetuximab (bottom).
drug sensitivity (35, 36) . In gastric cancer, the STAT3 pathway has been shown to be involved in acquired drug resistance and inhibition of STAT3 by the STAT3-SH2 antagonist, 5,15-diphenylporphyrin (DPP), sensitized resistant cells to chemotherapy (37) . In ovarian cancer models, acquisition of drug resistance was correlated with STAT3 activation both in vitro where resistance to paclitaxel has been associated with increased expression of pSTAT3 as well as in a human tumor tissue array, where recurrent or metastatic lesions showed increased pSTAT3 expression compared with levels in the primary tumor (38) . They further showed that in vitro inhibition of the STAT3 pathway using the triterpenoid CDDOMe reverses paclitaxel resistance in ovarian cancer cell lines (39) . In breast cancer, tamoxifen resistance was associated with activation of STAT3, supporting the use of STAT3 inhibitors to overcome acquired tamoxifen resistance (40) . Both constitutive and inducible STAT3 activation has been reported in acute myeloid leukemias (AML) and AML cell lines where the use of the small-molecule probe C188 that targets the phosphotyrosine (pY) peptide binding site within the STAT3 SH2 domain can sensitize the drug-resistant tumor cells (41) .
Several studies have implicated STAT3 activation in EGFR resistance. In hepatocellular carcinoma, cetuximab resistance was mediated via STAT3 activation, and combination therapy using both inhibitors of EGFR and STAT3 in vitro enhanced growth inhibition (42) . In NSCLCs, STAT3 activation conferred resistance to NSCLC against gefitinib, which was restored upon suppression of STAT3 activity, suggesting that in patients with NSCLCs who are insensitive to EGFR inhibitors, STAT3 targeting maybe considered as an alternative therapy (43) . In a pilot study where activated signaling molecules were evaluated in patients with NSCLCs who received gefitinib before surgical resection of tumor, pSTAT3 levels were elevated in the surgically resected tumor tissue implicating STAT3 as a potential candidate in mediating primary resistance (17) . In high-grade glioma, elevated levels of pSTAT3 has been linked to chemoresistance and blockade of STAT3 signaling sensitized the glioma cells to chemotherapy, thus providing a rationale for use of targeted therapies against STAT3 (16) . In the present study, we identified STAT3 activation and increased IL-6 production in preclinical cancer models of intrinsic and acquired resistance to EGFR inhibitors. Our results show that targeting STAT3 using the STAT3 decoy in cetuximab-or TKI-resistant cells sensitizes the cells to EGFR inhibitor treatment in vitro and in vivo. The STAT3 decoy has also been tested in leukemia where inhibition of hyperactivated STAT3 in adriamycin-resistant K562/A02 leukemia cells by the STAT3 decoy increased the sensitivity of the cells to adriamycin (29) . Further investigation showed activation of pSTAT3 in human HNSCC tumors who recurred following cetuximab treatment, suggesting that STAT3 activation is associated with cetuximab resistance. These cumulative findings suggest that strategies that inhibit STAT3 may abrogate therapeutic resistance to EGFR inhibitors. 
